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Using the responsible form factors calculated via full QCD, we analyze the Af, — > 
A£ + l~ transition in the standard model containing fourth generation quarks (SM4). 
We discuss effects of the presence of t' fourth family quark on related observables like 
branching ratio, forward-backward asymmetry, baryon polarization as well as double 
lepton polarization asymmetries. We also compare our results with those obtained 
in the SM as well as with predictions of the SM4 but using form factors calculated 
within heavy quark effective theory. The obtained results on branching ratio indicate 
that the Af, — > A£ + £~ transition is more probable in full QCD comparing to the heavy 
quark effective theory. It is also shown that the results on all considered observables 
in SM4 deviate considerably from the SM predictions when m t i > 400 GeV . 
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I. INTRODUCTION 

The standard model (SM) has been the pillar of particle physics for many years. How- 
ever, there are some unsolved problems such as the origin of mass, the strong CP problem, 
neutrino oscillations, origins of dark matter and dark energy, number of generations, matter- 
antimatter asymmetry, quantum gravity, unification and so on which can not be explained 
by the SM. To cure such deficiencies, there exist various extensions of the standard model 
through supersymmetry, SM with fourth generation, etc. or entirely novel explanations, 
such as string theory, M-theory and extra dimensions. 

The new theories beyond the SM need to be confirmed in the experiments. Hence, 
calculation of many parameters related to the decays of hadrons via new theories such as 
SM4 are important as they could be studied at particle colliders. It is expected that the 
LHC will provide possibility to study properties of hadrons as well as their electromagnetic, 
weak and strong decays. Among these decays, the weak decays of hadrons can play a crucial 
role in searching for physics beyond the SM. The loop level semileptonic weak transitions 
of the heavy baryons containing single heavy quark to light baryons induced by the flavor 
changing neutral currents (FCNC) are useful tools in this respect. In this connection, we 
analyze the A b — > A£ + £~ transition in SM4 by calculating various related parameters like 
branching ratio, forward-backward asymmetry, baryon polarization as well as double lepton 
polarization asymmetries. Here, we use all involved twelve form factors recently calculated 
in full QCD This work is an extension of the previous works (2-4] where the two form 
factors calculated within heavy quark effective theory (HQET) are used. 

In the SM, the A b — > A£ + £~ channel proceeds via FCNC transition of b — > s£ + £~ at 
quark level. The latter is described via a low energy effective Hamiltonian containing Wil- 
son coefficients. In SM4, the form of Hamiltonian does not change but due to additional 
interactions of the fourth family quark t' with other particles the Wilson coefficients are 
modified. Hence, 

C?^\m t ,,r sb A sb ) = C^ SM + h^lM c e /^ w (m t/ ) , 

At 

C^(m tl ,r sb , <p sb ) = + ^M CSTN , (1) 



where 



At = V tb V* and \ t ,(r sb , <j) sb ) = V t , b V t 1 s = r sb e^. (2) 



Here, Va, Vu are elements of Cabibbo-Kobayashi-Maskawa (CKM) matrix in the SM and 
V t ' b , Vt's are elements of the CKM matrix in the SM4. In the above relations, (m t >, r sb , (p sb 
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) is a set of fourth generation parameters which we are going to discuss the sensitivity of 
physical observables to them. The new Wilson coefficients, C% new (mt'), Cg new (mt') and 
C™q w (m t i ) in Eqs. ([1]) are obtained by replacing the mass of top quark by its SM4 version ( 
m t ->■ mt>) 0, 6]. 

It is expected that the masses of the fourth generation quarks are in the interval (400-600) 
GeV [7]. As the mass difference between these two quarks is small, we will refer to both 
members of the fourth family by t' . For the recent status of the SM4 quarks see for instance 
js-n} and references therein. 

The outline of the paper is as follows. In next section, we present the effective Hamilto- 
nian and transition matrix elements describing the decay under consideration. In section III, 
we present the explicit expressions for physical observables such as differential decay rate, 
forward backward asymmetry, baryon polarization and double lepton polarization asymme- 
tries. This section also encompass our numerical analysis on the physical quantities under 
study as well as our discussions. Finally, we will have a concluding section. 



II. THE A b -> A£+l- TRANSITION 

A. The Effective Hamiltonian 

The quark structures of the initial and final baryons in A& — > A£ + £~ indicate that this 
channel proceeds via FCNC transition of b — > s£ + £~ , whose effective Hamiltonian in the SM 
is written as 



U eff 



G FOtemVtbVts 



C 9 e// ^(1 - l5 )bhn + C 10 s^(l - l5 )b£Yl 5 i 

(3) 



- 2m b C e 7 fS --sia^q v (l + 7s )6^ 



where Gp is the Fermi constant, a em is the fine structure constant at Z mass scale, and 
as we previously mentioned the Cj^, Cg^ and C\q are the Wilson coefficients representing 
different interactions. In the following, we present the explicit expressions of the Wilson 
coefficients in the SM. To get their expressions in SM4, it is enough to apply Eq. ([T|). 
The C e 7 fS is given as 0, Q Q 

16 8 14 16 8 

Cj ff = r]^C 7 (n w ) + - (p% - ryi) C 8 (nw) + C 2 (n w ) h M ai , 



i=i 



(4) 



where 



_ a 8 (fx w ) _ a s (m z ) 
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with a s (mz) = 0.118 and (3 = The coefficients a, and hi are given as 

Oi = ( §§, 0.4086,-0.4230,-0.8994, 0.1456), 

^ = (2.2996, -1.0880, -f, -0.6494, -0.0380, -0.0186, -0.0057). 

The functions C^/iw), C^{^w) and (^(/ivy) inside the Cj are given as: 



C^w) = 1, C 7 (/i w ) = --D (x t ) , C s (/i w ) = -~E (x t ) 



where x t 



and 



D (x t ) 



(8x? + 5x 2 - 7ar t ) x?(2 - 3x t ) , 

+ — —In a;* 



(6) 

(7) 

(8) 
(9) 

(10) 

In leading log approximation, the Wilson coefficient Cg^(s') entering the effective Hamil- 



12(1 -x?) 

x t {x\ - 5x t - 2) 
4(1 -x?) 

The Wilson coefficient C\q is given by 

Y(x t ) 



E (x t ) 



2(1 -x t Y 
2(1 -x t )' 



+ 



\nx t . 



C 
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sin 2 Q w 



where sin 2 6 W = 0.23 and 



Y(x t ) = £ 



Xt — 4 3xj 

+ t TVn In x t 



tonian of the channel under consideration can be written as 



s') entei 



a 



C 9 rj(s') + h(z, s') (3d + C 2 + 3C 3 + C 4 + 3C 5 + C 6 
~h{l,s') (AC 3 + AC 4 + 3C 5 + C e ) 

-h(0, §') (C 3 + 3C 4 ) + ^ (3C 3 + C 4 + 3C 5 + C 6 ) 



where 



7^(5') 



1 OgQft) 

1 H wis 



7T 



(12) 



(13) 



2 2 4 



5 + 4s' 



w(s') = — 7r Lio(s') Ins' ln(l — s) ; r ln(l — s' 

v ; 9 3 V ; 3 V ; 3(1 + 2s') V 

2s'(l + s')(l-2s') , A , 5 + 9s' -6s' 2 
In s + 



(14) 



with s' 



3(1 -s') 2 (l + 2s') 6(l-s')(l + 2s / )' 

The allowed region for the transferred momentum square, q 2 is Am 2 < q 2 < 



( m A b — ttia) ■ The Cg is given as 



Cg = R 



Y(x t ) 



sm vw 



(15) 
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where P^ DR = 2.60 ± 0.25 jsl, [ijl in the naive dimensional regularization scheme. 
The function, Z(xt) is defined as: 



Z{x t ) 



18(x t ) 4 - 163x 3 + 259x t 2 - 108x t 
144(x t - l) 3 



32(xi) / 



38x 3 



15z? + 18xt 



72(x t - 1) 



lna^. 



The remaining coefficients in Eq. ( Fl2|) is defined as: 

i=i 



are given 


as: 














hi = 


(0, 0, 


1 

2 • 


1 

2' 


o. 


0. 


0. 


0), 


hi = 


(0, 0, 


1 

2 • 


1 

2' 


o. 


0. 


0. 


0), 


hi = 


(0, 0, 


1 

14' 


1 

6' 


0.0510, 


-0.1403, 


-0.0113, 


0.0054), 


k^i = 


(0, 0, 


1 

14' 


1 

6' 


0.0984, 


0.1214, 


0.0156, 


0.0026), 


hi — 


(0, 0, 


o, 


o. 


-0.0397, 


0.0117, 


-0.0025, 


0.0304), 


hi = 


(0, 0, 


0. 


0. 


0.0335, 


0.0239, 


-0.0462, 


-0.0112). 



Finally, the h(y, s') function has the following explicit expression: 

h( ~>\ 8 m b 8 8 4 

9 fib 9 27 9 
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(2 + a;)|l 



11/2 



In 



l-x-l 

2 arctan —X 



for x = 
for x = 



^ < 1 

s 

s' ' 



where y — 1 or y 



rn b 



and, 



/i(0,s') 



8 8m b 4 4. 

In Ins H — ?7T. 

27 9 fi b 9 9 



(16) 



(17) 



(18) 



(19) 



(20) 



(21) 



B. Transition Matrix Elements and Form Factors 



The transition matrix elements for A& — > A£ + £~ are obtained by sandwiching the effec- 
tive Hamiltonian between the initial and final baryonic states. These matrix elements are 
parametrized in terms of twelve form factors in full QCD in the following way: 

(A(p) | S7„(l - l,)b | A b (p + q)) = « A (p) [iMQ 2 ) + ™^h{q 2 ) + <f fs(q 2 ) 
-l^l59i(q 2 ) ~ i(T^l5q u 92(q 2 ) - q^l593(q 2 )]u Ab (p + q) , 

(22) 
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(A(p) | sia^q v {\ + l5 )b | A 6 (p + g)> = u A (p) [j»f?(q 2 ) + ia , u q" 'ft \q 2 ) + q»fj(q 2 ) 

+1^9l{q 2 ) + icr^ 5 q"g% (q 2 ) + q^^gj \q 2 )}u Ab (p + q) , 



(23) 



where f x , f 2 , / 3 , 9\, 92, 93, fl, fl, fl, 9\, 9% and gj are transition form factors in full 
theory. These form factors have been recently calculated in |l| in the framework of light 
cone QCD sum rules. 

In the HQET, the twelve form factors in full QCD reduce to two form factors, F\ and 
F2, hence the transition matrix element in this limit is defined as 0, [jjj: 



(A(p) I sTb I A b (p + q))=u A (p)[F 1 (q 2 ) + tfF 2 (q 2 )}Tu Ab (p + q), 



(24) 



where T denotes any Dirac matrices and = ($+ $)/m Ab . These form factor are calculated 
in [3]. Comparing the definitions of the transition matrix elements both in full QCD and 
HQET theories, one can easily find the following relations among the above mentioned form 
factors: 



fx = 9i = U = 9 2 =Fi + 



m Ah 



2 • 



fi — 92 — h — 93 — ) 

m A b 

f T T 2 

fi =91= —1 > 



m A h 



fl 



r 

93 



m A h 



-(m A - m A ) 



m A b 



-{m Ah + m A ) . 



(25) 



III. PHYSICAL OBSERVABLES CHARACTERIZING THE A b -»• At 

TRANSITION 

A. Branching Ratio 



Using the decay amplitude and transition matrix elements in terms of form factors, the 



differential decay rate is obtained as a function of SM4 parameters as 



dT 

dsdz 



(z,s,m t/ ,r sb ,(p sb ) 



16382** lVM VVX 



To{s,m t >,r sb ,(f) sb ) 



+Ti (s, mt> , r sb , <p sb )z + 7i(s, mt' , r sb , (p sb )z 2 



(26) 
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where z = cos 9 with 9 being the angle between the momenta of and £ in the center of mass 

m\/m\ b and v = yl — 4 "' 



of leptons, A = A(l,r, a) 



1 + r 2 + s 2 



2r — 2s — 2rs, r 



-. Here, 



-V- and we have the relation, s 



j 4 - between the s and previously used s' . The functions, 



To(s,m t ',r sb ,(f) sb ), Ti(s,m t ',r sb ,(f) sb ) and T2(s,m t ',r sb ,(j) sb ) are given as ( see also 



%(s,m t >,r sb ,(f> sb ) = 32mjm\ b s(l + r - s) (\D 3 \ 2 + \E^\ 2 



Q): 



+ 64m|ml (1 - r - s) Re[Dj£7 3 + £> 3 £f] 



+ QAm\ b y/r{<dml - m 2 Ab s)Re[D{Ex] 

+ 64mfmi bV / 7(2m Ai) sRe[^ J E 3 ] + (1 - r + s)Re[I^Z> 3 + E\E- M 
+ 32m 2 Ab {2mj + m^a){(l - r + s)m Afc V7Re[A*A 2 + SJS 2 ] 
-m Ab (l-r- s) Re[AlB 2 + A|£ x ] - 2^(Re[A* l B 1 ] + m\ b s Re[A* 2 B 2 ]) } 



+ 8ml 6 |4m|(l + r - s) + ml 6 (1 - r) 
+ 8ml fc {4m 
-8m 2 Vt {4m|(l 



x2 j2 



A + (1 + r - s)s 
+ r — s 



+ m Ab s 
(1-r) 2 



(1-r) 



}(|^i| 2 + |i? 
}(\D 1 \ 2 + \E 1 



2\ 2 + \B 2 \ 2 



+ 8m 5 Ab sv 2 { - 8m Ab s^Re[D* 2 E 2 ] + 4(1 - r + s)^Re[DlD 2 + E$E 2 ] 
-4(1 - r - S) Re[DlE 2 + D* 2 E X ] + m Ab [(1 - r) 2 - s 2 ] (\D 2 \ 2 + |£ 2 | 2 ) } 

Ti{s,m t ,,r sb ,ct> sb ) = -l6mi b svV\{2Re(A* 1 D 1 ) - 2Re(B* 1 E l ) 
+ 2m Ab Re(B*D 2 - B*D X + A\E X - A\E 2 )} 
+ 32m| 6 s vV\{m Ab (l - r)Re(A* 2 D 2 - B* 2 E 2 ) 
+ y/¥Re(A* 2 Dx + AjDa - £ 2 £i - ^1*^2)} , 



r 2 (s,m t /,r s6 ,^ 6 ) = -8m\ b v 2 X (\Ax\ 2 + l^] 2 + \Dx\ 2 + \E ± 
+ 8m% b sv 2 \( K \A 2 \ 2 + \B 2 \ 2 + |D 2 | 2 + \E 2 \' 



(27) 



(28) 



(29) 



where, 



A\ = Ai(s,m t >,r sb ,(f) sb ) 

= (/i T (s) + 9x{s)) [-2rn b Cj ff (s,m t > ,r sb , (j) sb fj + (/i(s) - gx(s))Cg ff (s,m t >,r sb ,(j) sb ) 

A 2 = Ax (1 2) , 
A 3 = Ai (1 3) , 

Si = Ax (gx{s) -»• -5i(s); -> -fff («)) , 

B 3 = -Bl (1 2) , 
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S 3 = Bi(l->3) , 

Di = (fi(s) -5i(s))Cio(s,m t ',r s 6,0 s 6) , 
D 2 = £>i(l->2) , 
D 3 = J D 1 (1^3) , 
Si = Di(5i(s)-^-5i(s) 



E 2 =E x (l^2) , 

E 3 = E 1 (l^3) . (30) 

Integrating the aforementioned angular dependent differential decay rate over z, we get the s and 

SM4 parameters dependent differential decay width as 

dT(s,m t >,r sb ,(j) sb ) G 2 F a 2 em m A 2 rr A/ * , , , . 
d§ = 8192tt 5 \ VtbVta \ v v^A{s,m t i,r sb ,<j) sb ) , (31) 



where, 



A(s,my,r sb ,(j) sb ) = %(s,m t >,r sb ,(f> sb ) + ^(s, my, r sb , </> s6 ). (32) 



Performing integration over s in the kinematical region — < s < (1 — y/r) , the total decay 
width is obtained. Finally, using the lifetime of the A b baryon, we obtain the branching ratio 
depending on SM4 parameters. 

In further numerical analysis, we take the values, mt = 167 GeV, mw = 80.4 GeV, m b = 
4.8 GeV, m c = 1.35 GeV, fi b = 5 GeV, fj, w = 80.4 GeV, m e = 0.00051, m T = 1.778, = 
0.105 GeV, \V tb V t * s \ = 0.041, G F = 1.166 x 1(T 5 GeV~ 2 , a em = ±, r Ab = 1.383 x 10" 12 s, 
rriA = 1.116 GeV and m\. = 5.624 GeV. The present SM measurements and unitarity condition 



of the CKM matrix imply that 



19-22 



r s b = \V t 'bV t 1 s \ < 1.5 x 10- 2 . (33) 



In our numerical calculations, we will consider the three different values r sb = \Vt' b V^ s \ = 
0.005, 0.010 and 0.015. As we previously mentioned, the masses of the fourth generation quarks 
are expected to be in the interval (400-600) GeV. In the present work, we will plot our figures 
considering the my in the interval (175-600) GeV to see better at which points the SM4 results 



start to deviate from the usual SM predictions. The 4> sb is taken as 4> sb = | [23J] (see also [24|). 

The dependence of the branching ratio of the channel under consideration for the \i and r 
leptons on my at three fixed values of the r sb as well as the SM are presented in figures 1 and 2. In 
these figures, the left graph corresponds to the HQET while the graph on the right refers to the full 
QCD. We take into account the errors of the form factors in our analysis, hence we have a bound 
for each SM and SM4 with three different values of the r sb obtained from adding (subtracting) of 
the uncertainties to (from) the central values. 
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m,.[GeV] m,.[GeV] 



FIG. 1. The dependence of branching ratio for the A& — > Afj> + fi~ decay on rrif. The red band 
corresponds to the SM, while the blue, green and yellow bands belong to the SM4 for r s ^ = 
0.005, 0.01 and 0.015, respectively. The left graph corresponds to the HQET while the graph on 
the right refers to the full QCD. 




200 300 400 500 600 200 300 400 500 600 

m,.[GeV] m,.[GeV] 



FIG. 2. The same as FIG. 1 but for r. 
From these figures, we see that 

• in all cases, the branching ratios in SM4 grow increasing the fourth generation quark mass. 
The deviation of the SM4 results from those of the SM becomes important at rrif — 400 GeV 
and our results favor rrif > 400 GeV. This is in good consistency with the results of [?J in 
explanation of the observed CP asymmetries in the B and B s decays. 

• Increasing in the r s b leads to an increase in the value of the branching ratio in all cases. The 
maximum deviation of the SM4 results from those of the SM belong to the r s {, = 0.015 at any 
fixed values of the rrif in the interval 400 GeV < rrif < 600 GeV. As far as the branching 
ratio is concerned, the difference between the SM and SM4 results with r s {, = 0.005 is 
considerable in HQET approximation but the uncertainties of the form factors approximately 
kill this difference in full theory. For r s b G [0.1 — 0.15] the deviation of the SM4 results from 
those of the SM cannot be killed by the errors of the form factors in both HQET and Full 
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theories. Such considerable discrepancy can be considered as an indication for existing the 
fourth generation of the quarks. 

As it is expected, the branching ratios in r channel are small compared to the channel. 





FIG. 3. Comparison of the branching ratio for the A b —> hl + l~ decay in full QCD and HQET. 
The blue and yellow bands respectively correspond to the SM and SM4 (r sb = 0.015) in full QCD, 
while the red and green bands respectively refer to the SM and SM4 (r sb = 0.015) in HQET. 

We also compare the full QCD and HQET results of the branching ratios obtained from the 
SM and SM4 with only r sb = 0.015 together in figure 3 for both leptons. Looking at this figure, 
we deduce that 

• the full QCD results on branching ratios sweep large areas compared to those of the HQET. 
As far as the branching ratios are considered, the SM and SM4 with r sb = 0.015 bands 
obtained from the HQET lie inside the bands of the full QCD in fi channel but we see 
considerable discrepancy between predictions of these theories in the r channel. 

B. Forward-backward asymmetry 



The forward-backward asymmetry refers to the difference between the number of particles that 
move on the forward and those move on the backward direction. It is one of the promising tools 
in looking for new physics beyond the SM. The SM4 parameters dependent forward-backward 
asymmetry is defined as: 



A F B(s,m t ,,r, 



sbi <Psb) 



dr 

dsdz 



(z,s,m t ',r sb ,(j) sb )dz 



dr 



dsdz 



[z,s,m t ',r sb ,(f) sb )dz 



1 dF f° dF 

(z,s,m t ',r sb ,(j) sb )dz + / -—-(z,s,m t ',r sb ,(f) sb )dz 



(34) 



lo dsdz J -i dsdz 

Using the s, z and fourth family parameters dependent differential decay rate we plot the Afb in 
terms of m t ' at s = 0.5 and at three fixed values of the r sb and the SM in figures 4 and 5. 
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200 300 400 500 600 200 300 400 500 600 

m,.[GeV] m,.[GeVl 

FIG. 4. The dependence of forward-backward asymmetry for the A& — > A^ + /x _ decay on me at 
s = 0.5. The red band corresponds to the SM, while the blue, green and yellow bands belong to 
the SM4 for r s {, = 0.005, 0.01 and 0.015, respectively. The left graph corresponds to the HQET 
while the graph on the right refers to the full QCD. 




m,.[GeV] m,.[GeV] 

FIG. 5. The same as FIG. 4 but for r. 
From these figures, it is clear that, 

• our analysis on the forward-backward asymmetry also seems to favor mf > 400 GeV. 

• There is considerable HQET violations in both lepton channels. The difference between the 
predictions of the full theory and HQET is large in fi channel compared to that of the r. 

• There are considerable discrepancies between the SM4 and the SM results at high % values 
in HQET theory for both leptons. However, the uncertainties of the form factors in full 
theory suppress these differences such that the results of SM4 for all values of the r s & and 
m t i lie inside the SM bands. 
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C. Baryon Polarizations 

The definitions for the normal (Pn), longitudinal (Pl) and transversal (Pt) polarizations of the 
A baryon in the massive lepton case, are given in [25J]. Using those definitions, the general model 
independent expressions for the above polarizations are calculated in 
those expressions reduce to the following explicit forms: 

87rmA vy/§ { _ 
P N (s,m t ,,r sb ,0 sb ) = — ^ — \ - 2m Ab (l - r + s)\/r ReL4*Di + 



23]). In the case of SM4, 



A(s,m t ',r sb , 

+ m Ab (l - y/F)[(l + y^) 2 - s) (m e Re[(A 2 - B 2 )*F 1 }) 

+ m e [(l + V^) 2 - s] Re[^Fi] 

+ 4:ml b s^Re[AlE 2 + A%E\ + B{D 2 + B^Dt] 

- 2m\ b s^{\ -r + s) Re[A* 2 D 2 + B* 2 E* 2 ] 

+ 2m Ab (l -r-s) (Re^^i + B{D{\ + m 2 Ab sRe[A* 2 E 2 + B|U 2 ]) 

- mi 6 [(1 - r) 2 - s 2 ] ReL4p 2 + ^L>i + B\E 2 + B*^] 

- m,[(l + - s] RefBjFi] 1 , (35) 



ft (5, m^,r, 6 , <f> 8b ) = — ^ 8m 2 e m Ab (Re £>J£7 3 - I^i + >/fRe[^D 3 - #i*#3 

A(s,m t >,r sb ,(f) sb ) [ V 

+ 2mfm At (1 + v^)He[(A " ^l)*^] 
-2m£mi b s {Re[( J D 3 - S 3 )*F 2 ] + 2m,(|D 3 | 2 - |£ 3 | 2 )} 
-Am H (2rr4 + m\ b s)Re[A\B 2 - A* 2 B ± ] 
4 m\ b sv 2 (3Re[DlE 2 - D 2 Ei] + VrRe[^i-D2 - ^1^2]) 



3 

- o m AbV^(6m^ + m^sw 2 ) ReL4*A 2 - £*B 2 ] 

O 

+ ^{3[4m 2 + m 2 Ab (l - r + s)](|^| 2 - l^ 2 ) - 3[4m 2 - m| 6 (l - r + 



x(|Z^ - |£^) - ml 6 (l - r - S V(|^ir - \Bi\ z + 1^ - 
- im 2 ft {12m 2 (l - r) + m^S^l - r + S) + W 2 (l - r - s)}}(\ M\ 2 - \B 2 \ 2 ) 

- 2 - m \ b s{2-2r + s)v 2 {\D 2 \ 2 -\E 2 \ 2 )\ , (36) 



P T (s,m t ,,r sb ,(j) sb ) 
-m e m Ab 



8irm\ v\^§X 



A(s,m t ,,r sb 
(l + ^)lm[(A 2 + B 2 )*F 1 ] 



mi 



(lm[(A 1 +B 1 )*F 1 ] 
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+ m\ b {l -r + s)(lmL4*£>i - A\D 2 ] - M. B 2 E l ~ B *i E 2}) 

+2m Ab (imiAtEx - B\D{\ - m\ b s lm[A* 2 E 2 - B* 2 D 2 )) j , (37) 

The dependence of the Pl, Pn an d Pt polarizations of the A baryon on t' quark mass at s = 0.5 
and at three fixed values of the r s b and SM are shown in figures 6-11. 




m,.[GeV] m,.[GeV] 

FIG. 6. The dependence of normal baryon polarization for the A^, — > Afj, + fi~~ decay on m t i at 
s = 0.5. The red band corresponds to the SM, while the blue, green and yellow bands belong to 
the SM4 for r s i, = 0.005, 0.01 and 0.015, respectively. The left graph corresponds to the HQET 
while the graph on the right refers to the full QCD. 




200 300 400 500 600 200 300 400 500 600 

m,.[GeV] m,.[GeV] 

FIG. 7. The same as FIG. 6 but for r. 
A quick glance in the figures 6-11 leads to the following conclusions: 

• The baryon polarizations also overall favor the m t i ~ 400 GeV for the lower limit of the 
fourth family quark. 

• Our numerical analysis show that as far as the central values of the form factors are consid- 
ered, there are considerable differences between the full theory predictions on the Pn and 
Pt and the HQET results for both lepton channels. This difference is small for the Pl and 
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200 300 400 500 600 200 300 400 500 600 

m,.[GeV] m,.[GeV] 



FIG. 8. The same as FIG. 5 but for longitudinal baryon polarization. 




FIG. 10. The same as FIG. 5 but for transverse baryon polarization. 



\i channel and is approximately zero for the longitudinal polarization and r channel. When 
we consider the uncertainties of the form factors we detect sizable differences in both values 
and behavior of the baryon polarizations with respect to the m*/ for all cases. 

Except the full QCD predictions on the P/v for both leptons and the Pt for the r channel, 
the difference between the predictions of SM and SM4 grows with increasing the fourth 
generation quark mass. This difference also increases with increasing the value of the r s f,. In 
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FIG. 11. The same as FIG. 10 but for r. 



the Pjv for both leptons and the Pt for the r channel, the uncertainties of the form factors 
lead to a very small difference between two model predictions. 

• When we consider only the central values of the form factors, the \Pn\ i n A* channel is larger 
than that of r at any values of the fourth generation parameters. The situation is inverse in 
the case of \Pt\- The \Pl\ is approximately the same for both lepton channels. 



D. Double Lepton Polarization Asymmetries 



For the general model independent form of the effective Hamiltonian, the double lepton po- 
larization asymmetries characterizing the considered decay channel are calculated in [281 ] . In the 
case of SM4, they reduce to the following explicit expressions in the rest frame of the P 1 (see also 



3Q): 



167rmA rhpy/X [ 

P LN (s, m t ,,r sb , <f> sh ) = — Ab - ^ lm{ (1 - r)(Api + B{E X ) + m Ab s{A\E 3 - A* 2 E X 

A(s,m t i,r sb ,(p sb )\/s { 

+B{D 3 - B* 2 Dx) +m Ab ^s(AlD 3 + A\D X + B\E Z + B\E X ) - m 2 Ab s 2 [B* 2 E 3 + A* 2 D 3 ) 1, (38) 



PLT(s,m t ,,r sb ,(f) sb )- 



167rm4 rhi\/\% 
A(s,m t >,r sb ,(j) sb )VI 



Re{ (l-r)( |A| 2 + \E. 



-m Ah s 



BtD* + (A 2 + D 2 - D 3 )El - A X E* 2 - (B 2 -E 2 + E 3 )D\ 



+ m Ab ^s A X D* 2 + (A 2 + D 2 + D 3 )D\ - B X E* 2 - (B 2 - E 2 - E 3 )E{ 



+ ml h s(l - r){A 2 D* 2 - B 2 E* 2 ) - m 2 Ah s 2 (D 2 D* 3 + E 2 E* 3 ) 



(39) 
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PNT(s,m t >,r sb ,(f> sb ) = 



64m\ b Xv 



Im 



3A(s,m t /,r sb ,0 s6 ) [ 



{(A 1 D* 1 



+ B 1 E* 1 ) + m 2 A J(A* 2 D 2 + B* 2 E 2 ) , (40) 



PNN(s,m t >,r sb ,(f> sb ) = 



32ml, 



Re<^ 2Amj^/rs(A 1 B^ + Di-Ej) 



3sA(s,m t /,r s6 ,( 
- 12m A6 m?Vfs(l - r + s)(^2 + Bi^) 



+ 6m A >p[m Ai s(l + r - |)( |Z? 3 | 2 + |£ 3 | 2 ) + 2^(1 - r + !)(£>! ^ + 
+ 12m A6 mfs(l - r - + A 2 B\ + Di^ + £> 3 EJ) 

- [As + 2m?(l + r 2 - 2r + rs + s - 2s 2 )]( |^| 2 + |Bi| 2 - [I^ 2 - |£i| 2 ) 
+ 24m 2 V6 m 2 ^ 2 (^ 2J B 2 * + Z? 3 £ 3 *) - m\ b As V ( | D 2 \ 2 + |£ 2 | 2 ) 

+ m 2 Ab s{Xs - 2mf [2(1 + r 2 ) - 1(1 + S) - r(4 + s)]}( |A 2 | 2 + l^ 2 ) |, (41) 



P T T(s,m t ',r sb ,<j) sb ) = 



32m 



At 



3sA(s,m t/ ,r sb ,4> sb ) 



Re\ - 2\m\^s(A x B\ + D^) 



- \2m Kb mj^s{l -r + s){D±Dl + £7i^) - 24m 2 V(j m|^ : s 2 (^ 2 S 2 * + Z? 3 ^) 

- 6m Ab mf s[m Afc s(l + r - s)( |Z? 3 | 2 + |^s| 2 ) - 2>/r(l - r + 8){A X A^ + £?i-B 2 

- 12m Ak mf 1(1 - r - s^A^ + A 2 B\ + + D Z E{) 

- [As - 2m 2 (l + r 2 -2r + rs + s- 2s 2 )] ( l^] 2 + |#i| 2 ) 

+ m\ b s{\s + mf [4(1 - r) 2 - 2s(l + r) - 2s 2 ]}( |^ 2 | 2 + |£ 2 | 2 ) 
+ {As - 2m £ 2 [5(l - rf - 7s(l + r) + 2s 2 ]}( [Z^ 2 + [Z^ 2 ) 

-<AsV(|Z) 2 | 2 + |£ 2 | 2 )}, 



(42) 



PLL(s,m t ',r sb ,(j) sb ) = 



16m\ b 



-Rc 



3A(s,m t /,r sb ,0 s6 ) 
-6m A6 ^(l -r + s) [s(l + u 2 )(Ai^ + B^) - \m 2 {D x D\ + Z^*) 
+ 6m Ab (l - r - s) [l(l + f 2 )(^i^ + A 2 B\) + km\(D x El + D Z E\) 
+ 12Vrs(l + u 2 )(AiB; + D X E\ + m| 6 M 2 ^ 2 ) 
+ 12mi> 2 s(l + r - S) (\D 3 \ 2 + |£ 3 *| 2 ) 
- (1 + v 2 ) [l + r 2 - r(2 - a) + 1(1 - 21)] ( |^i| 2 + |^i| 2 ) 

(5v 2 - 3)(1 - r) 2 + 4m?(l + r) + 21(1 + 8mf + r) - 4s 2 ] ( |L»i| 2 + \E X \ 2 ) 
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ml (1 + v 2 )s 2 + 2r 2 - s(l + s) - r(4 + s) 



I A, 



2(1 + r 2 ) - s(l + s) - r(4 + s)] ( |£> 2 | 2 + |£?a| 
+ 12m At s(l - r - s)w 2 (Di^ + D 2 £*) 
- 12m A6 \/rs(l - r + s)v 2 (-Di£> 2 + E X E* 2 

+ 2Am\ b ^s(sv 2 D 2 E* 2 +2rhlD^El) 1, 



S 2 

2 



(43) 



where rhi = Some of the double lepton polarization asymmetries as a function of the m t t at 



s = 0.5 and at three fixed values of the r s \, and the SM are shown in figures 12-21. 




400 
m,.[GeV] 



FIG. 12. The dependence of double lepton polarization asymmetry Pln for the A?, — > Afi + [i~ 
decay on rrif at s = 0.5. The red band corresponds to the SM, while the blue, green and yellow 
bands belong to the SM4 for r s f, = 0.005, 0.01 and 0.015, respectively. The left graph corresponds 
to the HQET while the graph on the right refers to the full QCD. 




300 400 
m,.[GeV] 



300 400 
m,.[GeV] 



FIG. 13. The same as FIG. 12 but for r. 



From the analysis of the figures 12-21, we conclude the following items: 

• When we consider only the central values of the form factors, our numerical results show 
that there are sizable differences between the full QCD and HQET results (HQET violation) 
in the Ptt and Pnn polarizations for r channel and at fixed values of the fourth generation 
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T 




FIG. 14. The same as FIG. 12 but for P LT . 




400 
m,.[GeV] 



FIG. 15. The same as FIG. 14 but for r. 




-0.05 



200 



300 400 
m,.[GeV] 



500 




FIG. 16. The same as FIG. 12 but for P NT . 



parameters. The results of two models on Plt, Pln and Pjvt for both leptons as well as the 
Pnn and Ptt fo r the \x channel deviate slightly from each other. When the uncertainties of 
the form factors are considered, we detect considerable differences between full QCD and the 
HQET models predictions on behavior of all double lepton polarization asymmetries with 
respect to the fourth family parameters. 

• Comparing to the other physical quantities, the double lepton polarization asymmetries are 
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< 

T 0.0 




400 
m,.[GeV] 



FIG. 17. The same as FIG. 16 but for r. 




FIG. 18. The same as FIG. 12 but for P, 



NN- 




FIG. 19. The same as FIG. 18 but for t. 



more sensitive to the mass of the fourth generation quark at lower values of mf- This 
sensitivity is large in HQET compared to the full QCD such that starting from the me ~ 
200 GeV, we see sizable deviations of the SM4 results with those of the SM in HQET 
approaximation. However, in the full theory the discrepancy between the SM and SM4 results 
starts approaximately from mt> — 300 GeV and small compared to the HQET predictions. 

When we consider only the central values of the form factors, except than the Pln an d 
PnTi the remaining double lepton polarization asymmetries grow increasing the rrif and 
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FIG. 21. The same as FIG. 20 but for r. 



value of the r s b- For Pln {Pnt), the maximum deviation belongs to the r s b = 0.015 and 
me ~ 450GeV (r s & = 0.010 and upper bound of the me). 



21 



IV. CONCLUSION 



We have performed a comprehensive analysis on the — > A£ + £~ transition both in the SM4 
and SM models. In particular, using the form factors entering the low energy matrix elements 
both from full QCD as well as HQET, we have investigated the branching ratio, forward-backward 
asymmetry, double lepton polarization asymmetries and polarization of the A baryon. We have 
observed that there are overall sizable differences between the predictions of the SM and SM4 on 
the considered physical quantities when me > 400 GeV. This can be considered as an indication 
of the existence of the fourth family quarks should we search for in the future experiments. The 
results also depicted overall considerable differences between the predictions of the full QCD and 
those of the HQET. The orders of the branching ratios in both lepton channels show that these 
decay channels can be detected at LHCb. Any measurement on the considered physical quantities 
and their comparison with the theoretical predictions can give valuable information about both 
nature of the participating baryons and existence of the fourth family quarks. 
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